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Summary

The human endometrium shows a remarkable regenerative capacity that enables cyclical
regeneration and remodeling throughout a woman’s reproductive life. Although early postnatal
uterine developmental cues direct this regeneration, the vital factors that govern early endometrial
programming are largely unknown. We report that Beclin-1, an essential autophagy-associated
protein plays an integral role in uterine morphogenesis during the early postnatal period. We show
that conditional depletion of Beclin-1 in the uterus triggers apoptosis and causes progressive 10ss
of Lgr5*/Aldhlal* endometrial progenitor stem cells, with concomitant loss of Wnt signaling,
crucial for stem cell renewal and epithelial gland development. Beclin-1 knock-in (Becn1 KI) mice
with disabled apoptosis exhibit normal uterine development. Importantly, restoration of Beclin-1-
driven autophagy but not apoptosis promotes normal uterine adenogenesis and morphogenesis.
Together, the data suggest that Beclin-1-mediated autophagy acts as a molecular switch that
governs the early uterine morphogenetic program by maintaining the endometrial progenitor stem
cells.
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Popli et al. discover that intrinsic autophagy is central to uterine morphogenesis, which is critical
for establishing a successful pregnancy. Further, stem cell mediated-endometrial programming
requires Beclin-1-dependent autophagy but not apoptosis. Defining the molecular mechanisms
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underlying uterine morphogenesis will aid in developing strategies to diagnose and prevent early
pregnancy loss.
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Introduction

The uterus is composed of a multitude of different cell types organized into a hierarchy
that undergoes dynamic changes to create a microenvironment conducive to embryo
implantation. Each cell type among the heterogeneous populations plays a crucial role in
establishing pregnancy; for example, endometrial epithelial cells undergo proliferation in
response to high estrogen levels to facilitate implantation. Subsequently, endometrial stromal
cells (ESCs) under high progesterone levels proliferate and differentiate into secretory
decidualized cell types!2. The decidualized ESCs then provide an appropriate environment
for trophoblast invasion and secrete factors that are critical for the embryo’s survival and
placentation3. Another important cell type is the glandular epithelium, which produces
essential factors and secretes necessary proteins to nourish developing embryos*®. In

the course of these sequential hormone-triggered cellular events, each uterine cell type
(epithelium, stroma, and glands) displays robust cellular transformation and undergoes
different cellular events, including proliferation, death®7, and differentiation, to ensure

a successful pregnancy. Given the high rates of cell division and differentiation in the
uterus during early pregnancy events, energy requirements, and metabolic rates tend to

be high8. Thus, maintaining both energy and metabolic homeostasis in utero during these
events relies on the ability of cells to sense and respond to changes in the availability

of nutrients. Functioning as a major prosurvival mechanism, autophagy is one of the key
cellular responses that gets upregulated rapidly in response to nutrient deprivation and high
energy demands associated with the rapid proliferation and differentiation of cells®10,

There is also evidence that autophagy is highly active during the early development

stages of pluripotency regulation and stem cell differentiation11-12, but also fundamental

to subsequent morphogenetic processes that together with apoptosis are decisive in tissue
remodeling and shaping the embryo’s organization13-17. Moreover, the autophagic process
likely protects cells during metabolic stress and nutrient deprivation that occurs during
tissue remodeling?3:18.19. However, whether autophagy plays any role in stem cell-based
endometrial programming and morphogenesis is not known.

Beclin-1 is the mammalian ortholog of yeast Atg6/Vps30 and was identified as a Bcl-2-
interacting protein from a yeast two-hybrid screen?0. Beclin-1 acts as an interface for three
different cellular cascades- autophagy, differentiation, and apoptosis2!. While the basal
Beclin-1 level does not cause autophagy or differentiation, depletion of Beclin-1 derails
both the autophagy and differentiation process leading to the activation of apoptosis?1:22,
Importantly, the interaction between Beclin-1 and the antiapoptotic protein, Bcl-2, and Bcl-
xL governs the direction of Beclin-1-driven apoptotic and autophagic processes?3. Further,
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depending upon the nature of the stimuli, Beclin-1 engages in different cellular processes,
e.g., under non-autophagic stimuli, the Beclin-1-Bcl-XL complex becomes apoptotic or
anti-autophagic242°, and under autophagic stimuli, Beclin-1-Bcl-XL complex becomes
antiapoptotic and autophagic??.

In the present study, we investigated the role of Beclin-1 dependent autophagy in uterine
development and, the impact on the establishment of pregnancy. We found that abrogation
of autophagy in the uterus via deletion of Becn1 resulted in infertility due to impaired
uterine receptivity, and embryo implantation. In addition, molecular analysis of uteri from
different postnatal (PN) ages indicated severe adenogenesis and uterine maturation defects
in Becnl cKO mice. Mechanistically, we report that Beclin-1-dependent autophagy but
not apoptosis is crucial for uterine maturation. These results demonstrate that intrinsic
autophagy is an important regulator of uterus development and morphogenesis, which is
critical for establishing a successful pregnancy.

Conditional ablation of Becn1 in reproductive tract results in infertility despite normal
ovarian function

To identify the role of Beclin-1 in uterine functions, we generated Becnl reproductive
tract-specific conditional knockout (Becn cKO) mice, by crossing Becnf1oX/flox mice with
mice expressing Cre recombinase under the control of progesterone receptor promoter
(Figure 1A). Previous studies indicated that PR-Cre expresses postnatally in the anterior
lobe of pituitary glands, the corpus luteum, oviducts, and epithelial, stromal, and myometrial
cellular compartments of uteri2®. To determine the extent of knockout, we determined Becni
expression from different tissue samples including uterus, ovary, and liver of virgin mice.
We found that Becn1 expression at mRNA and protein levels was depleted in uteri from
adult Becn1 cKO mice compared to control mice, which was not the case for ovary and liver
(Figure 1B & C). Further, immunohistochemistry analysis showed that levels of Beclin-1
protein were efficiently depleted from both the epithelial and stromal compartments of cKO
uteri compared to the corresponding age-matched control uteri (Figure 1D). In addition, we
did not find any difference between ER-a and PR expression in the uteri of 8-week-old adult
control and cKO mice (Figure S1 A & B).

Next, to evaluate the impact of Becn? ablation on female fertility, we mated 8-week-old
female mice (n =5 for control and n = 6 for cKO) with virile wild-type male mice (Table

1). In six-month breeding trials, Becni cKO females delivered no litters, whereas control
females showed normal breeding activity during the test period and delivered an average of
8.6£2.52 pups per litter (P<0.05) as shown in Figure 1E, indicating an indispensable role for
Becnlin female fertility. Furthermore, wet uterine weights of Becni cKO were much lower
than control females (Figure 1F).

Since PR-Cre also expresses in the granulosa cells of pre-ovulatory follicles?6, and Becni

is shown to play an important role in the ovary?’, we examined ovarian function as well.
Histological examination of ovaries from adult females showed no overt differences between
Becnl cKO and control mice (Figure 1G). In addition, no significant differences in serum
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estradiol (E2) and progesterone (P4) levels were noted in Becni cKO compared to control
mice (Figure 1H). Furthermore, superovulation of 4-week-old mice showed no significant
difference in the number of oocytes released from both control and Becn1 cKO mice
(Figure 11). Becn1 cKO mice are infertile but showed normal ovarian function suggesting
fertility defects likely caused by uterine defect. To determine this, we first assessed Beclin-1
expression in the uterus during early pregnancy events. Considerable expression of Beclin-1
observed in uteri from day 1 of pregnancy, which was not obvious in uteri from day

2 of pregnancy (Figure S2A). However, by day 3 and 4 of pregnancy, Beclin-1 levels
reappeared with elevated expression in luminal epithelium, glandular epithelium, and stroma
of pregnant uteri. Similarly, BecnI m-RNA levels varied in D1-D5 pregnant uteri (Figure
S2B).

Loss of Becnl results in impaired embryo implantation and uterine receptivity in mice

To determine the effects of Becn loss on uterine functions during pregnancy, we measured
the implanting embryos from D-5 pregnant uteri. While several implantation sites were
observed in control uteri at 5 dpc none were present in uteri of Becn cKO mice (black
arrows, Figure 2A). Histological analysis of the implantation sites in the control mice
demonstrated that embryos attached properly to the luminal epithelium (LE), whereas Becnl
cKO mice had unattached embryos floating within the uterine lumen (Figure 2B). Given the
impaired embryo implantation in Becn-cKO mice, we assessed the expression of the key
uterine receptivity marker: mucinl (MUCL1) in the uterine luminal epithelium on day 5 of
implantation (Figure 2C). For a uterus to be receptive to the embryo, expression of MUC1
must be locally removed from the luminal epithelium?8:29. In cKO mice, the uteri appear
non-receptive with the retention of MUC1 expression in the luminal epithelium (Figure 2C,
S3). However, m-RNA levels of both £srZ and Pgrwere comparable in both Becn cKO and
control uteri (Figure S3).

For successful embryo attachment and implantation into the uterus, the uterus must change
from a non-receptive state to a receptive state under the controlled influence of steroid
hormones. Thus, to assess the effects of Becn knockout on the uterine response to E2
and P4, an established hormone-induced uterine receptivity experiment was employed3°
(Figure 2E). Control and Becn1 cKO mice showed considerable epithelial proliferation in
response to E2 treatment, as evident from similar Ki-67 staining in their uteri (Figure 2E).
Consistently, E2 treatment induced expression of /gf1, a well-known marker for estrogen
response in uterine epithelial proliferation3! (Figure 2F). However, P4-mediated stromal
cell proliferation was significantly blunted in the Becni cKO uteri compared to control
uteri (Figure 2E), indicating that Becnl might be essential for P4-mediated but not for
E2-mediated actions during uterine receptivity.

Becnl is required for postnatal uterine gland development

While carrying out these uterine-specific reproduction assays, we observed a lack of glands
in adult Becn1 cKO uteri (Figure 2A, 2C, and S1A). In a normal murine uterus, endometrial
glands start budding from luminal epithelium by postnatal D7 (PND7), appear in the uterus
by PND14, grow in number to branch out, and differentiate as they mature32:33 (Figure 3A).
Given the significance of uterine structures in overall uterine functions and fertility34-39, we
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wondered whether Beclin-1 is necessary for the appropriate gland development and uterine
morphogenesis.

To dissect the role of Beclin-1 in postnatal uterine development, we first assessed the
expression of Beclin-1 in the uteri collected during a critical window of gland development
(1- to 3 weeks after birth) (Figure 3B). We found that Beclin-1 expresses spatio-temporally
in all the essential uterine structures including luminal epithelium, glandular epithelium,
and stroma. Since we used a PR-Cre mouse model for ablating Beclin-1, we analyzed

PR expression during uteri development (Figure S4). Foxa2 is a transcription factor that
uniquely expresses in the glandular epithelium of uterus and is a critical regulator of
postnatal uterine gland differentiation in mice34:35. Analysis of uteri from different postnatal
ages showed the absence of Foxa2 positive glands in Becnl cKO uteri compared to age-
matched controls, indicating an indispensable role for Beclin-1 in uterine gland development
(Figure 3C &D).

Loss of Becnl leads to undifferentiated stroma and myometrium resulting in hyper-
muscular uteri

Postnatal morphogenesis of uteri is associated with coordinated development of the
endometrial glands from the LE, organization, and differentiation of mesenchyme into
endometrial stroma, and myometrium#%41, Therefore, the uteri of Becn mice were
histologically analyzed from endometrium and myometrium using epithelial (Cytokeratin
KRT8-positive), stromal (Vimentin-positive), and myometrial (a-Smooth muscle active
(SMA) positive,) markers at various PN developmental ages. From 2-weeks onwards,
Becn1 cKO mice showed both the endometrial and myometrial defects at the gross level
and these developmental defects persisted over time (Figure S5A). Subsequent analysis
of the 3-weeks PN age in control uteri showed well-organized myometrial layers and
stromal compartments. However, distinct stromal and myometrial compartments could not
be identified in Becni cKO uteri as evident from the smooth muscle actin and vimentin
staining (Figure 4A &B). Instead, actin-positive cells seemed to occupy a large uterine
surface area with a concomitant decrease in vimentin-positive stromal area in cKO uteri
(Figure 4A &B).

With the progression of age, control uteri displayed a mature uterine phenotype with all

the differentiated compartments. In contrast, cKO uteri exhibited an enhanced pattern of
uterine histoarchitectural deformities. Specifically, the stromal compartment in cKO uteri
was reduced with concomitant expansion of myometrium. By 12 weeks of the PN age,

the cKO uteri showed a hyper-muscular phenotype with the SMA-positive myometrium
occupying most (90%) of the uterine surface area (Figure 4A &B). Whereas well-organized
myometrial layers with circular orientation in a defined ring were evident in control uteri,

a disorganized myometrium with disoriented smooth muscle layers was observed in Becnl
cKO uteri (Figure S5B).

To identify the potential mechanism underlying these uterine maturation defects prominent
in Becnl cKO mice, we analyzed the expression of various key genes essential for
orchestrating these uterine-specific processes during neo-natal stages. At the postnatal age
of 2-weeks, mRNA levels of Wnt7a, Wht 5a, Wnt 11, Wnt 16, Fzd6, Fzd10, Msx1, and
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Msx2 decreased, whereas expression of Wnt 4 increased in Becnl cKO uteri compared
with age-matched controls (Figure 4C). The transcript levels of these key genes were found
to be consistently dysregulated in uteri of 3-week-old BecnZ cKO mice compared to their
corresponding controls (Figure 4C). These findings suggest a potential link between Becnl
and Whnt signaling in governing the uterine maturation and adenogenesis.

Endometrial progenitor stem cell maintenance requires Becnl during early uterine
morphogenesis

Uterine morphogenesis consists of robust proliferation of luminal epithelium and stromal
cells during the first postnatal week followed by a steady decline as each uterine
compartment differentiates?142. To investigate whether the observed uterine maturation
defects in Becn1 cKO mice are due to impaired cellular proliferation in the epithelial and
stromal compartments, we analyzed the proliferation status of the uterus during the most
crucial period of maturation (from 1 to 3 week of the PN stage) by Ki-67 immunostaining
(Figure 5A). Interestingly, the uterine epithelium and stroma were highly proliferative in
both Becni cKO and control uteri by 1 week of PN age. However, by 2 weeks, there was
a substantial decrease in proliferation of both the epithelium and stroma of Becn cKO
uteri compared to their corresponding control uteri (Figure 5A). Conversely, by 3 weeks
of age, when the uterus becomes more mature, uteri from all control mice maintained a
low proliferation status in the epithelium/stromal compartment, indicating the beginning of
the differentiation phase (Figure 5A), whereas uteri from Becn1 cKO showed an abundant
number of Ki-67+ cells in the epithelium and stromal compartments (Figure 5A, left
panel, Figure S6). Upon quantification, uteri from 3-week-old Becnl cKO mice showed
~4-fold and ~3-fold more Ki-67+ cells in their epithelium and stroma respectively than the
age-matched controls (Figure 5A, right panel) (£<0.05; n=4-6).

Since, epithelial cell proliferation and apoptosis are tightly controlled during the critical
period of uterine maturation, we assessed apoptosis and DNA damage by measuring cleaved
caspase-3 and yH2AX respectively#3. Interestingly, Becn cKO uteri had a significantly
higher number of cleaved caspase-3-positive luminal epithelial (KRT8-positive) cells
compared to control mice (Figure 5B). Similarly, we also observed a greater number of
uterine epithelial cells expressing y-H2AX, indicating that Becn depletion in the uterus
increased the number of apoptotic uterine epithelial cells (Figure 5B).

Recent findings identified the expression of putative endometrial progenitor stem cell
(EPSCs) markers including Aldehyde Dehydrogenase 1A1 (Aldhial), and leucine rich
repeat containing G protein-coupled receptor 5 (Lgr5) in uterine luminal and glandular
epithelium?#4. Given the adenogenesis defects in uteri of Becni cKO, we tested whether
Becn1 is essential for the maintenance of these EPSCs in the uterus. During early uterine
development, expression of Aldhlal starts to appear in the uterus by 7 days and is confined
to the glandular epithelium by 3 weeks of postnatal uterine development (Figure 5C).
However, in the absence of Becnl, expression of Aldhlal in uterine epithelium diminished
at 2 weeks and 3 weeks, though a marginal level of expression was observed at 1 week of the
postnatal age (Figure 5C). Consistently, reduced transcript levels of Lgr5and Aldhlal were
also noted in postnatal uteri from Becni cKO (Figure 5D). Further, flow cytometry-based
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assay was carried out to identify the ALDH1A1 positive epithelial cell population in the
uteri of 2-week-old Becnl control and cKO mice (Figure 5E). Uterine cells treated with
diethylaminobenzaldehyde (DEAB) (a specific ALDH inhibitor) were used as a negative
control and the CD326 antibody was used for epithelial cell gating. With this FACS analysis,
we noted 5.37% ALDH1A1*CD326* cells in the control uteri and uteri from cKO mice
have significantly lower number (~50%) of these ALDH1A1*CD326 cells. Consistent

with its inhibitory activity, DEAB treated control cells had no ALDH1A1*CD326* positive
(0.08%) cell population. These results clearly suggest that Becnl is essential for maintaining
endometrial progenitor stem cells during early uterine morphogenesis

Pharmacological inhibition of autophagy inhibits uterine gland development in mice and
human organoids

To substantiate findings from Becni cKO mice, we evaluated neonatal uterine gland
development following selective inhibition of autophagy by treating mice pups with Spautin
(a specific inhibitor of Beclin-1-mediated autophagy) (Figure 6A). Spautin treatment led to
a significant reduction in Foxa2-positive glands in 2-week-old uteri compared to vehicle
treated uteri (Figure 6A). Next, the effect of autophagy inhibition on human uterine
organoids formation was evaluated by employing a well-established uterine organoid culture
system, that recapitulates the in-vivo uterine gland development#>48. For this, human
endometrial organoids were generated from primary human endometrial epithelial cells

and then treated with either Control (vehicle), or E2, or E2+Spautin, or Spautin (Figure

6B). Whilst organoids grew adequately in the Vehicle or E2 treated groups, Spautin

alone or in presence of E2 impaired the organoids growth (Figure 6C). Consistent with
organoids growth, a reduced expression in both PGR (E2-target) and FOXAZ2was seen

with Spautin treatment (Figure 6D). Importantly, Spautin decreased the expression of well-
known endometrial progenitor stem cell markers: LGR5and ALDH1AZ in human organoids
(Figure 6D). Consistent with /n-vivo findings from Becn1 cKO mice, Spautin inhibited the
proliferation of organoids as evident from the fewer Ki-67+ cells in the E2+Spautin group
compared to the E2-treated group (Figure 6E). We also observed reduced humber of FOXA2
and -y-H2AX-positive cells in E2+Spautin group compared to E2 treated organoids (Figure
6E). These results demonstrate that intrinsic autophagy is critical for the early uterine
morphogenesis.

Beclin-1-mediated autophagy, but not apoptosis is required for postnatal uterine gland
development and morphogenesis

It is important to note that Beclin-1 maintains cellular homeostasis by playing a dual role

in regulating both autophagy and apoptosis234748, Caspase-mediated cleavage of Beclin-1
renders its apoptotic activity while disruption of the Beclin-1-Bcl-2 binding complex due to
mutation in the BH3-only domain within Beclin-1 enhances its autophagic activity (Figure
7A). Given this dual role of Beclin-1, we investigated whether the Beclin-1-dependent
autophagy or apoptosis is required for adenogenesis and uterine maturation during neonatal
stages of mice. To determine the autophagy-specific role of Beclin-1 in adenogenesis

and uterine maturation, we used genetically engineered Becnl Kl mice with a targeted
F121A mutation that decreases its interaction with the negative regulator, Bcl-2, leading

to constitutively enhanced autophagy. Immunofluorescence analysis confirmed a significant
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number of Foxa2 positive glandular structures budding from the luminal epithelium in both
control and K1 uteri (Figure 7B). Importantly, uteri from 2-week-old Becni KI mice showed
a distinct stromal and myometrial compartment with key marker genes similar to wild-type
controls (Figure 7B & 7C). These findings suggest that postnatal uterine development may
require active Beclin-1-dependent autophagy but not apoptosis (Figure 7D). To confirm this,
we generated Becn cKO/KI mice by crossing Becn1f1oX/flox:prerei* male mice with Becnl
KI female mice. Immunofluorescence analysis of uteri from 3-week-old mice showed a
number of glands budding from the luminal epithelium (Figure 7E) as in their corresponding
age-matched controls. Moreover, we observed well-differentiating stromal and myometrial
compartments in Becn cKO/KI uteri compared to cKO uteri, as evident from vimentin

and smooth muscle a-actin staining shown in Figure 7E. Taken together, these results
demonstrate that Beclin-1-mediated autophagy but not apoptosis governs postnatal uterine
morphogenesis.

Discussion

In this study, we demonstrate that intrinsic autophagy is critical for stem cell-mediated
endometrial programming and the establishment of pregnancy. Abrogation of intrinsic
autophagy by conditional ablation of Becnl in the uterus resulted in infertility owing

to altered uterine morphogenesis, eventually causing impaired embryo implantation, and
uterine receptivity. Altered uterine maturation was accompanied by abnormal epithelial
proliferation, excessive cell death likely of progenitor stem cells, leading to severe
adenogenesis, and differentiation defects in BecnZ cKO mice. Interestingly, induction

of autophagy in Becn1 cKO mice rescued their uterine phenotypic defects. Our study
further expands on these findings and demonstrates that inhibition of Beclin-1-dependent
autophagy by Spautin-1 inhibitor significantly reduced epithelial cell differentiation in
human endometrial organoids as well. Together, these findings establish a critical role of
intrinsic autophagy in maintaining endometrial homeostasis.

Uterine glands and their secretions are critical regulators of peri-implantation blastocysts
survival and implantation, as well as the establishment of uterine receptivity in numerous
species?9°0, Several studies reported that the absence of glands caused infertility in
adults3551, The aglandular phenotype of Becn cKO in our study further supports this
notion that uterine glands are indispensable for establishing a successful pregnancy.
Autophagy as an evolutionarily conserved mechanism is known to regulate morphogenesis
of a number of organs, including the heart, lung, intestine, and brain1®17:52-54 Dyring
morphogenesis, enhanced autophagic degradation is often required to cope with the

drastic cellular and tissue remodeling. Here, we report that autophagy likewise is crucial
for neonatal uterine maturation, including glandular morphogenesis. Extensive uterine
luminal epithelium proliferation is considered as a critical event for the development and
differentiation of glands during early uterus maturation37:43, In our study, abrogation of
Becnl-mediated autophagy caused abruptly proliferating uteri by 3-week of postnatal age,
suggesting that Becn cKO uteri continued proliferating and failed to undergo differentiation
with increasing postnatal ages. A robust increase in apoptosis in the epithelial compartment
further suggests that activation of aberrant proliferation might reflect a compensatory
mechanism to fulfil the loss of apoptotic cells. Increased apoptosis has also been reported
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for other conditional knock-out models of autophagy®°-°6. Failure to activate autophagy
in response to stimuli is known to trigger apoptotic cell death®’. Lack of autophagy in the
uteri of Becnl cKO mice in response to high energy demands and metabolic requirements
for proliferation may also contribute to apoptosis of the epithelial cells, eventually resulting
in morphogenesis defects. Consistent with these findings in mice, reduced proliferation,
and increased DNA damage of epithelial cells with Spautin treatment suggests that human
organoids fail to undergo differentiation in the absence of autophagy. Additionally, mouse
models with conditional deletion of Wnt signaling markers such as Wnt5a, Wnt7a, and beta-
catenin 1 (Ctnnb1)38-60 in the uterus displayed a similar uterine phenotype as observed in
our study. Abrogation of several Wnt signaling markers in response to autophagy inhibition
suggests a potential regulator axis between autophagy and Whnt signaling. However, more
future studies are required to unravel the mechanism of autophagy-mediated regulation of
Whnt signaling during uterine maturation.

The mammalian uterus differentiates from the fetal mullerian ducts and typically consists
of a central tubular epithelium surrounded by an undifferentiated mesenchyme at birth.
Postnatal morphogenesis of uteri includes coordinated development of the endometrial
glands from the LE, organization, and differentiation of mesenchyme into the endometrial
stroma, and myometrium“%41, Epithelial-mesenchymal interactions play a crucial role in the
correct patterning of uteri during this period. Tissue recombinant experiments showed that
the epithelium is developmentally dynamic and adopts either a uterine (simple columnar) or
vaginal (squamous/stratified) epithelial fate depending upon the mesenchyme origin (uterine
or vaginal)51. The mesenchyme further depends upon the epithelium for its differentiation
as grafts of uterine mesenchyme failed to induce myometrial differentiation in the absence
of the epithelium, while epithelia from different organs including the uterus were able to
induce extensive myometrial differentiation in the uterine mesenchyme82:63 These findings
suggest that while mesenchymal factors decide the fate of epithelium, the epithelium, in
turn, regulates the mesenchymal differentiation. In our study, with progressive declines

in Becnl levels with age, the mesenchyme fails to drive epithelial differentiation in the
absence of autophagy, leading to aglandular phenotype and improper myogenesis in cKO
uteri. The anomalous hyper-muscular phenotype in these mice further shows that Beclin-1
might be interacting with other proteins and assisting in maintaining a rigorous regulatory
control on myometrium growth. Given the critical epithelial-mesenchymal interactions
during the early uterine maturation phase, more future studies are required to comprehend
compartment-specific roles of Beclin-1 and the paracrine signaling involved therein using
uterine epithelial or mesenchyme-specific conditional knockout mice models.

In addition to postnatal morphogenesis, functional differentiation is another stage of
differentiation that occurs in the uterus during estrus cycles or pregnancy and is regulated
by steroid hormones, E2 and P4. In our study, diminished Beclin-1-mediated autophagy at
the neonatal stage also impacted the functional differentiation of adult cKO uteri, and that
could be the reason why these mice fail to establish pregnancy and undergo substantial
cellular transformations (e.g., P4-mediated stromal cell proliferation) needed for a healthy
pregnancy. Since early pregnancy events are strictly orchestrated by steroid hormones,
altered expression of Beclin-1 during pregnancy indicates that hormones are likely involved
in regulating its levels and may coordinate these events to help meet its high energy
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demands. Another crucial event that has been recognized as a determinant of successful
implantation in mice is apoptosis® where both uterine epithelial and stromal cells undergo
cell death to facilitate embryo anchorage and access to the maternal blood supply. Given
the dual function of Beclin-1, we posit that Beclin-1-dependent apoptosis might play an
important role in mediating this event.

Another interesting feature of autophagy is its role in maintaining the pluripotency of adult
stem cells. Under physiological conditions, stem cells largely remain quiescent and retain
their stemness; nevertheless, they can either proliferate or differentiate to meet regenerative
demands and maintain tissue homeostasis. Essential role of endometrial stem cells, e.g.,
Lgr5, Alahial, for uterine gland development in mice have recently been identified®4-66,
However, the key process that drive stem cell-mediated morphogenetic processes in uterus
are understudied. In our study, reduced expression of both Lgr5and Aldhial during

the early uterine maturation phase suggests that Beclin-1 mediated autophagy might be
important for the maintenance of these stem cells in uterus, and abrogation of this pathway
might lead to gradual loss of stem cells. Moreover, Lgr5is also reported as a Wnt-dependent
stem cell essential for uterine gland development in mice54. In our study, decreased Wnt
signaling markers due to inhibition of Becni-mediated autophagy might be responsible

for loss of Lgr5-positive stem cells culminating in uterine development defects. These
findings were further corroborated by reduced expression of LGR5 and ALDH1A1 in
human endometrial organoids when treated with Spautin autophagy inhibitor. We show
that Beclin-1-mediated autophagy might be crucial for maintaining endometrial stem cell
maintenance and differentiation in the uterus.

Beclin-1 acts as an interface for three different cellular cascades: autophagy, differentiation,
and apoptosis?l. While the basal Beclin-1 level does not cause autophagy or
differentiation, depletion of Beclin-1 cripples both autophagy and differentiation and
activates apoptosis?122, Depending on the nature of stimuli, Beclin-1 engages in different
cellular processes. For instance, under non-autophagic stimuli, the Beclin-1-Bcl-XL
complex is apoptotic or anti-autophagic?42%, whereas under autophagic stimuli, Beclin-1-
Bcl-XL is antiapoptotic but autophagic?l. Contrary to these findings, there are reports
suggesting that unlike other BH3-only proteins, Beclin-1 fails to antagonize anti-apoptotic
functions of Bcl-2 even when it is overexpressed®”:68. A previous study in this regard
gained attention where the Beclin-1-Bcl-2 binding interaction was disrupted, resulting in
activation of Beclin-1 mediated constitutive autophagy in mice and these mice showed
improved cognition with Alzheimer’s disease®®. Enhanced autophagy in Becnl K1 mice
was also shown to promote neurogenesis and counteract the aging-related neural stem
cell exhaustion®. In our study, rescue of the impaired uterine morphogenesis phenotype
of Becn1 cKO mice via constitutive activation of Beclin-1-mediated autophagy implies
that Beclin-1-dependent autophagy (but not apoptosis) is important for proper uterine
maturation, possibly via stem cell maintenance. In addition, there is the possibility that
under the influence of continuous autophagy stimuli during the morphogenesis period,
cellular energy sensors like mTOR might be phosphorylating the Bcl-XL and disrupting
its interaction with Beclin-1, thereby inducing constitutive autophagy to meet the energy
demands. Tracking the Beclin-1-dependent autophagy flux using bigenic Becn1fox/flox o
Becn1 Kl mice along with either GFP-LC3 or mCherry-LC3 transgenic models (Moulis
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and Vindis, 2017; Rocchi et al., 2017) will be highly intriguing and provide more hints for
its role in mediating uterine-specific processes. Further, understanding the complex rheostat
between Beclin-1-Bcl-2 autophagy/apoptosis regulatory axis warrants future investigations
with lineage tracking mouse models coupled with advance biochemical studies.

Collectively, our study demonstrates that the Beclin-1-mediated autophagy pathway in

the uterus is critical for proper differentiation of uterine compartments. Deficiency of
intrinsic autophagy results in structurally abnormal uteri with maturation defects that lead to
pregnancy failure. From a clinical point of view, understanding how autophagy is induced
during uterine differentiation may help us to advance our knowledge of fertility-associated
gynecological pathologies.

Limitations of the study

In this study, we demonstrated a role for Beclin-1 in post-natal uterine morphogenesis

by ablating its expression in all compartments of the uterus. However, it is possible that
Beclin-1 acts in a paracrine manner to govern the development of specific uterine cells,
which could be elucidated by employing compartmental-specific Beclin-1-deficient mouse
models of the uterus. Additionally, autophagic flux might undergo dynamic changes during
the uterine morphogenesis process, a spatiotemporal regulation of which might not be totally
dependent on Beclin-1. Thus, monitoring the Beclin-1-dependent autophagy flux using
autophagy-monitoring and autophagy-deficient mice will provide the relative contribution of
Beclin-1 in overall autophagy flux dynamics in the uterus.

STAR*METHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Ramakrishna Kommagani
(rama.kommagani@bcm.edu).

Materials availability—The mouse lines generated (Beclin-17f, Beclin-1 cKO and
Beclin-1 cKO/KI) are available from the lead contact upon request.

Data and code availability
. All data to support the findings of this study are included in the paper and the
supplemental information.

. The datasets used and/or analyzed during the current study are available from the
corresponding author on reasonable request.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon reasonable request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal care and use—All animal studies were approved by the Institutional Animal
Care and Use Committee of Washington University School of Medicine, Saint Louis, MO,
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USA and Use Committee of Baylor College of Medicine, Houston, TX, USA. Beclin-1
mice were a generous gift from Dr. Edmund B. Rucker 3'd at the Department of Biology,
University of Kentucky, and previously described?”. BeclinfloX/flox mice, in which exons

1 and 2 are flanked by loxp sites, were bred to progesterone receptor cre (PRS®/*) mice

to generate (BeclinfloX/flox: prerei+ mice), hereafter referred to as Becn cKO mice. Both
control and conditional knockout females were generated by crossing females carrying
homozygous Becn1flox/flox glleles with Becn cKO males. Becn1F121AF121A (Becn K)
mice were a generous gift from Dr. Christina Stallings at Washington University St. Louis
and previously described®®. The BecniF121AF121A female mice are fertile with no overt
developmental defects as shown by earlier report®. Becn1 cKO/KI mice were generated by
crossing females carrying homozygous BecnIF121A/F121A gljeles with Becnl cKO males.
All transgenic mice were maintained on a C57BL/6 genetic background (The Jackson
Laboratory, Bar Harbor, ME) to minimize variation in the gestation length. All experimental
animals were housed 5 per cage in institutional animal facility in standard ventilated cages
with free access to water and food and under a 12-hr light and dark cycle. Animals were
handled according to an approved institutional animal care and use committee (IACUC)
protocol number [AN-8890]. Cages were changed routinely, and the health of the mice was
monitored daily, and only healthy mice were used for this study. Breeding was carried out
in duos or trios. Mice were genotyped by PCR analysis of genomic DNA isolated from tail
clippings using the gene-specific primers listed in STAR Methods.

Human Organoid Culture—All experiments involving human subjects were approved
by the Institutional Review Board of Baylor College of Medicine (IRB ID #: H-21138).
Tissue samples were collected from patients upon informed consent. Human organoids
were established and maintained as described before?®. Following passaging, 10,000 cells
per Matrigel droplet were plated in 12-well plates (3 droplets per well) and allowed to
establish into organoids over 4 days in organoid medium. To examine the effect of Beclin-1
dependent autophagy on E2-mediated organoids growth and differentiation, organoids were
treated with either vehicle control (100% ethanol) or E2 (10 nM) or E2 (10 nM) + Spautin
(15 pM) or Spautin (15 uM) alone for subsequent 2 days (Figure 6B). At the end of
experiment, organoids were collected from each well and processed for transcript and
immunofluorescence analysis.

Method Details

Fertility analysis and timed mating—Female fertility was assessed by mating cohorts
of Becnl cKO experimental (n = 6) and control Becnl f/f (n = 5) females individually
starting at 8 weeks of age with sexually mature males of proven fertility. The numbers of
litters and pups were tracked over a 6-months period for each female. Pups per litter for
each genotype are reported as mean + SEM. For timed mating, the morning on which the
copulatory plug was first observed was considered 1 dpc. To visualize implantation sites,
mice received a tail vein injection of 50 pL of 1% Chicago Sky Blue dye (Sigma-Aldrich, St.
Louis, MO, USA) at 5 dpc just prior to sacrifice.

Super-ovulation Analysis—Female mice at age of 4 weeks were injected with 5
IU pregnant mare serum gonadotropin (PMSG), followed by 5 1U human chorionic
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gonadotropin (hCG) 44-46 h later. After an additional 18-22 h, the mice were sacrificed,
and oviducts were isolated. Cumulus-oocyte complexes (COC) were removed from the
oviducts and collected in M2 medium (Sigma-Aldrich). The number of COCs per female
was counted and compared across genotypes.

Hormone Analysis—Blood was collected from virgin 8-week-old females before mice
were sacrificed. Serum was separated from the blood by centrifugation and stored at -80°C
before hormone analysis. Serum P4 and E2 levels were measured by using ELISA kits (Enzo
life Sciences) according to the manufacturer’s instructions.

Steroid hormone treatments—The hormonal profile of pregnancy at the time of
implantation was simulated using a well-established experimental scheme29:30.71, Briefly,
Becnl cKO and control mice at 8 weeks of age were bilaterally ovariectomized under
ketamine anaesthesia with buprenorphine-SR as analgesics. Mice were rested for two weeks
to allow all endogenous ovarian hormones to dissipate. Mice were then injected with 100

ng of estrogen (E2; Sigma-Aldrich) dissolved in 100 pl of sesame oil on two consecutive
days and then allowed to rest for two days. At this point, mice were randomly divided into
three groups of five: Vehicle-treated (E2 priming) mice received four consecutive days of
sesame oil injections. E2 nidatory mice received three days of sesame oil injections followed
by a single injection of 50 ng of E2 on the fourth day. The E2/P4 mice received 1 mg of
progesterone (P4; Sigma-Aldrich) for three consecutive days followed by a single injection
of 1 mg P4 plus 50 ng E2 on the fourth day. All hormones were delivered by subcutaneous
injection in a 90:10 ratio of sesame oil: ethanol. Mice were euthanized 16 hours after the
final hormone injection to collect the uteri. A small piece of tissue from one uterine horn
was processed in 4% neutral buffered paraformaldehyde for histology, and the remaining
tissue was snap-frozen and stored at —80 °C.

Hematoxylin and Eosin staining—Tissues were fixed in 4% paraformaldehyde,
embedded in paraffin, and then sectioned (5 pm) with a microtome (Leica Biosystem,
Germany). Tissue sections were deparaffinized, rehydrated, and stained with Hematoxylin
and Eosin’2. All the histology was performed on three sections from each tissue of
individual mice, and one representative section image is shown in the respective figures.

Histological analysis—The collected uterine tissues were fixed in 4% paraformaldehyde
and embedded in paraffin. Sections (5 pm) were immunostained (n = 5 per group)’2. Briefly,
after deparaffinization, sections were rehydrated in an ethanol gradient, then boiled for 20
min in citrate-buffer (Vector Laboratories Inc., CA, USA) for antigen retrieval. Endogenous
peroxidase activity was quenched with Bloxall (Vector Laboratories Inc., CA, USA), and
tissues were blocked with 2.5% goat serum in PBS for 1 hr (Vector Laboratories Inc., CA,
USA). After washing in PBS three times, tissue sections were incubated overnight at 4°C

in 2.5% goat serum containing the primary antibodies listed in STAR Methods. Sections
were incubated for 1 hr with biotinylated secondary antibody, washed, and incubated for

45 min with ABC reagent (\ector Laboratories Inc., CA, USA). Color was developed with
3, 3’-diaminobenzidine (DAB) peroxidase substrate (Vector Laboratories Inc.), and sections
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were counter-stained with hematoxylin. Finally, sections were dehydrated and mounted in
Permount histological mounting medium (Fisher Scientific).

Immunofluorescence analysis—Formalin-fixed and paraffin-embedded sections were
deparaffinized in xylene, rehydrated in an ethanol gradient, and boiled in citrate-buffer
(Vector Laboratories Inc., CA, USA) for antigen retrieval. After blocking with 2.5% goat-
serum in PBS (Vector laboratories) for 1 h at room temperature, sections were incubated
overnight at 4°C with primary antibodies (STAR Methods) diluted in 2.5% normal goat
serum. After washing with PBS, sections were incubated with Alexa Fluor 488-conjugated
secondary antibodies (Life Technologies) for 1 h at room temperature, washed, and mounted
with ProLong Gold Antifade Mountant with DAPI (Thermo Scientific). For quantification of
Ki67, phospho-yH2AX, and cleaved caspase-3 positively stained cells, cells were counted
manually in images taken at 40X magnification by two independent investigators blinded to
treatment groups. Cells were counted in at least four different areas in uterine cross-sections
and plotted as percent positive cells relative to total number of cells’172,

For quantification of Foxa2 positive glandular structures, number of glands was counted
from four different areas of uterine cross-sections images taken at 100X magnification and
the average number of glands from n=3 mice was presenteds®.

Similarly, human organoids treated with Vehicle, E2, E2+Spautin, and Spautin alone were
processed for immunofluorescence to detect the expression of various markers including
Foxa2, Ki-67, and y-pH2AX. For quantification of Foxa2, Ki-67, and yH2AX positive cells,
cells were counted manually in images taken at 400X magnification by two independent
investigators blinded to treatment groups. Percent positive cells were plotted relative to total
number of cells. Three independent experiments were performed and for each experiment,
7-10 organoids/group were counted’3. All Immunofluorescence images were obtained using
a Zeiss LSM 880 confocal microscope (10x and 40 x objective lens).

Western blotting—Protein lysates (40 pg per lane) were loaded on a 4-15% SDS-PAGE
gel (Bio-Rad), separated in 1X Tris-Glycine Buffer (Bio-Rad), and transferred to PVDF
membranes via a wet electro-blotting system (Bio-Rad), all according to the manufacturer’s
directions”. PVDF membranes were blocked for 1 hour in 5% non-fat milk in Tris-buffered
saline containing 0.1% Tween-20 (TBS-T, Bio-Rad), then incubated overnight at 4°C with
antibodies listed in STAR Methods in 5% BSA in TBS-T. Blots were then probed with anti-
Rabbit 1gG conjugated with horseradish peroxidase (1:5000, Cell Signaling Technology) in
5% BSA in TBS-T for 1 hour at room temperature. Signal was detected with the Pierce™
ECL Western Blotting Substrate (Millipore, MA, USA), and blot images were collected with
a Bio-Rad ChemiDoc imaging system.

RNA Isolation and Quantitative Real-Time RT-PCR Analysis—Tissues/cells or
organoids were lysed in RNA lysis buffer, and total RNA was extracted with the Purelink
RNA mini kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions.
RNA was quantified with a Nano-Drop 2000 (Thermo Scientific, Waltham, MA, USA).
Then, 1 pg of RNA was reverse transcribed with the High-Capacity cDNA Reverse
Transcription Kit (Thermo Scientific, Waltham, MA, USA). The amplified cDNA was
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diluted to 10 ng/pl, and gRT-PCR was performed with primers listed in STAR Methods and
TagMan 2X master mix (Applied Biosystems/Life Technologies, Grand Island, NY) on a
7500 Fast Real-time PCR system (Applied Biosystems/Life Technologies). The delta-delta
cycle threshold method was used to normalize expression to the reference gene 18S.

Treatment of mice with Spautin inhibitor—Spautin-1, a pharmacological agent that
inhibits Beclin-1-mediated autophagy by interfering with its degradation, was used to

study its effects during uterus development’®. Specifically, Spautin-1 promotes Beclin-1
degradation, by acting as an antagonist for two ubiquitin-specific peptidases, USP10/USP13,
which are known to regulate Beclin-1 deubiquitination in Vps34 complexes. Five-day.old
C57BL/6 mice pups were injected daily intraperitoneally with Spautin inhibitor dissolved in
40% PEG-300 (40mg/kg body weight) till two weeks of postnatal age (Figure 6E). Dimethyl
Sulfoxide with 40% PEG-300 was administered as vehicle.

Flow Cytometry—Uterus tissues single cell suspension was prepared using enzymatic
digestion method?®. Briefly, fresh uteri were dissected from female Becn1 f/f (n=3)

and cKO (n=4) two-weeks old pups. Uteri for each group were pooled, finely minced,

and enzymatically digested with 0.5% w/v collagenase Type | (Sigma) in DMEM/F-12
medium (Gibco) and 0.05% deoxyribonuclease type | at 37°C for 1 h on a rotator. After
one-hour, enzymes and cell debris were removed by centrifugation at 230g for 5 min,
washed with ice-cold PBS followed by filtering of the single cell suspension through a

100 pm cell strainer (BD Bioscience). The resultant single cell suspension (1 x 106) was
resuspended in 1% v/v fetal bovine serum (FBS) (Life Technologies) in PBS (FBS/PBS)
and stained with the ALDEFLUOR™ reagent from the ALDEFLUOR™ assay kit (Stem
Cell Technologies, Vancouver, BC, Canada) according to the manufacturer’s protocol and
labelled with brilliant-violet conjugated CD326 antibody. As negative control, for each
sample of cells an aliquot was treated with diethylaminobenzaldehyde (DEAB), a specific
ALDH inhibitor provided with the kit. The flow cytometry gating was established using the
negative controls: unstained cells, the ALDEFLUOR-stained cells treated with DEAB and
Fluorochrome-conjugated isotype controls. Flow cytometry analysis was performed using a
FACSCanto Il flow cytometer with FACSDiva Software (BD Biosciences, Le Pont-de-Claix,
France).

Quantification and Statistical Analysis—A two-tailed paired student t-test was used
to analyze data from experiments with two experimental groups and one-way ANOVA
followed by Tukey’s post hoc multiple range test was used for multiple comparisons. All
data are presented as mean + SE. GraphPad Prism 9 software was used for all statistical
analyses. All the statistical details related to tests performed and sample size, p-values

can be found in the corresponding figure legends. To ensure the reproducibility of our
findings, experiments were replicated in a minimum of three independent samples, to
demonstrate biological significance, and at least three independent times to ensure technical
and experimental rigor and reproducibility.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Non-standard Abbreviations

WT Wild Type
Becnl cKO Beclin-1 conditional knockout
Becnl Kl Beclin-1 Knock-in
ESCs Endometrial stromal cells
PR Progesterone receptor
ERa Estrogen receptor alpha
dpc Days post coitum
E2 Estrogen
P4 Progesterone
PNDs Postnatal days
EPSCs endometrial progenitor stem cells
SPA Spautin
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Highlights

Endometrial Beclin-1 is essential for uterine development and pregnancy
establishment.

Endometrial progenitor stem cell maintenance requires Beclin-1.
Intrinsic autophagy is indispensable for uterine adenogenesis.

Beclin-1-mediated autophagy but not apoptosis governs postnatal uterine
morphogenesis.
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Figure 1: Conditional ablation of Becnl results in female infertility with intact ovarian function.
(A) Mouse breeding strategy employed to generate control (Becn1f/f) mice or

Becn1t;PRC* (Becn1 cKO) mice. (B) Relative transcript levels of Becnl in 8-week-old
virgin control and cKO uteri (whole uterus including epithelial, stromal, and myometrial
compartment), ovary, and liver (n=6). mRNA levels are normalized to levels of 18S
m-RNA. Data are presented as mean £ SEM; ***P<0.001, P>0.05, ns=non-significant.

(C & D) Left panel, Western blotting to show protein levels of Beclin-1 in uteri from
8-week-old virgin control and cKO uteri. GAPDH is used as a loading control. Right panel,
Immunohistological analysis of Beclin-1 expression in Control and Becnl cKO mice. Scale
bar: 40 um (E & F) Relative number of littermates and uterine weight of Becn1 control

and cKO mice sacrificed after breeding trial. Data are presented as mean + SEM; P>0.05,
ns=non-significant. (G) H&E staining of ovaries from 8-week-old control and Becn1 cKO
mice; scale bar: 2mm (upper panel), 500 um (lower panel) (H) Levels of reproductive
hormones estradiol and progesterone from serum collected during euthanasia of 8-week-old
virgin mice. (1) Super-ovulated oocytes retrieved from 4-week-old Becnl control and cKO
mice (/eff). Number of super-ovulated oocytes in 4-week-old control and Becn1 cKO mice
(Righd; scale bar: 200 um
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Figure 2: Becnl is critical for embryo implantation and uterine receptivity.
(A) Images of 5.0 dpc uteri of control and Becn1 cKO mice injected with Chicago Sky

Blue dye to visualize implantation sites (denoted by black arrows) (Lef?). Quantification

of implantation sites in control (n=6) and Becn1 cKO (n=6) mice on day 5 of pregnancy
(Right). (B) H&E-stained cross-sections of 5.0 dpc uteri of control and Becn1 cKO mice

to visualize embryo implantation. LE, luminal epithelium; S, stroma. Asterisk denotes the
embryo. Scale bar: 200 pm, 50 um (C) Immunofluorescence analysis of uterine tissues
from Control and Becnl cKO mice, stained with Mucl. scale bar: 500 pum, 100 pm. (D)
Experimental protocol for hormonal induction of uterine receptivity in ovariectomized mice.
(E) Representative immunofluorescence images of uteri from Control and Becn cKO mice
stained for Ki-67 following Oil or E2 or E2+P4 treatment (n = 5 mice/group); scale bar:
100 pm. (F) Transcript levels of Becnl and /gfi, in uteri from Control and Becnl ¢KO
mice in the indicated treatment groups. Data are presented as mean + SEM (n = 5), P>0.05,
ns=non-significant.
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Figure 3: Becnl is indispensable for uterine glandular development and morphogenesis.
(A) Graphical illustration to show gland development events in uterus (B)

Page 25

Immunofluorescence analysis to show Beclin-1 expression in 1 to 3-week (W)-old control
and Becnl cKO uteri; scale bar: 500 um, 100 um (C & D) Immunofluorescence analysis

to show Foxa2-positive glandular structures in uteri from Control and BecnI cKO at 2W of
age (lower panel showing magnified images) and different PNDs (3 to 12W) of development
(/ef?); scale bar: 500 pm. Quantitative analysis of Foxa2-positive glands on indicated PNDs.
Data represents the number of glands counted from four different areas of uterine cross-
sections; images taken at 100X magnification and the average number of glands from n=3
mice was presented. Data shown represent the mean+ S.E.M., *P>0.05, ns=non-significant.
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Figure 4: Loss of Becnl leads to undifferentiated stroma and myometrium resulting in hyper-
muscular uteri.

(A) Immunolocalization of KRT8 (green) and Vimentin (red) in the uteri of Control and
Becn1 cKO at different PNDs; scale bar: 100 pm (B) Immunofluorescence of KRT8 (green)
and smooth muscle a-actin (red) in the uteri of Control and Becnl cKO at different PNDs.
DAPI (blue) was used to counterstain the nuclei; scale bar: 500 um (C) Relative mMRNA
expression of genes implicated in uterine development at different PNDs from Control and
Becnl1 cKO mice.
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Figure 5: Endometrial progenitor stem cell maintenance requires Becnl during early uterine
morphogenesis.
(A) Immunofluorescence of KRT8 (green) and Ki67 (red) in uteri of Control and Becnl

cKO mice at 1, 2 and 3W of postnatal stage of uterus development (/ef?); scale bar: 100
pum. Quantification of Ki67-positively stained cells in the luminal epithelia and stromal
compartment of uteri at 3W of postnatal age. Data represents the ratio of the number of
Ki67-positive cells to the total number of cells counted in four different areas and plotted
as percent positive cells from n=6 mice (righ?). (B) Immunofluorescence of KRT8 (green),
cleaved caspase-3 (red), and yH2AX in uteri of Control and Becni cKO mice during 1W,
and 2W of postnatal age of uterus development (/ef?); scale bar: 100 pm. Quantification

of cleaved caspase-3 and yH2AX-positively stained epithelial cells in uteri at 1W, and
2W of postnatal ages. Data represents the ratio of the number of positive cells to the

total number of cells counted in four different areas and plotted as percent positive cells
from n=3 mice (righf). (C) Immunolocalization of endometrial progenitor stem cell marker;
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Aldhlal in uteri at different PNDs (ypper panel); scale bar: 100 um (D) Transcript levels
of endometrial progenitor stem cell markers Aldhlaland Lgr5 during the critical window
of uterine maturation. (E) Representative flow cytometry analysis of ALDH1AL activity in
uterine cells isolated from Becni 2W old control and cKO uteri. Control cells treated with
DEAB was used as negative control for Aldefluor staining.
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Figure 6: Pharmacological inhibition of autophagy impedes uterine glandular development in
mice and human organoids.

(A) (Upper panel) Experiment strategy to inhibit autophagy in neonatal uteri. Mice pups
were treated with Vehicle or Spautin on PND5 and euthanized at PND14 time-point

for tissue harvesting (Lower panel). Immunofluorescence imaging to show Foxa2 (green)-
positive glandular structures in Vehicle or Spautin-treated 2W old WT mice pups. DAPI
(blue) was used to counterstain the nuclei; scale bar: 500 um. (B) Experimental timeline

of human endometrial epithelia organoid cultures. Organoids were derived in ExM and

then subjected to treatment with Vehicle or E2 or E2+Spautin or Spautin alone. (C)
Representative bright-field images showing morphology of endometrial organoids prior to
treatment on day 4 or after treatment with Vehicle or E2 (10nM) or E2 (10nM) +Spautin (15
UM) or Spautin (15 pM) alone for two days on day 6; scale bar: 600 um (D) Relative mRNA
levels of PGR, FOXAZ, LGR5and ALDH1A1 in hormone-or Spautin-treated organoids.
Data are means + SEMs. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (E)

(left) Immunolocalization of FOXA2, KRT8 (Green)+ Ki-67 (Red), KRT8 (Green)+ yH2AX
(Red) in response to E2 or Spautin inhibitor. Organoids were counterstained with DAPI
(blue) to visualize nuclei, scale bar: 40 um. Quantification of the percentage of FOXA2,
Ki-67 and yH2AX positive cells relative to the total number of cells in organoid sections
(right). Three independent experiments were performed and for each experiment, 7-10
organoids per treatment group were counted and plotted as percent positive cells. Data are
presented as mean + SE.
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Figure 7: Becnl-dependent autophagy but not apoptosis is required for postnatal uterine gland
development in mice.

(A) IHlustration of Beclin-1-Bcl2 interaction (B) Immunolocalization of Foxa2-positive
glandular structures in upper panel and magnified images in lower panel; scale bar: 500 pum.
Immunofluorescence of KRT8 (Green)+ Vimentin (Red), KRT8 (Green)+ smooth muscle
a-actin (Red) in uteri from control wild-type and Becnl Kl mice by 2W of postnatal

age of development. DAPI (blue) was used to counterstain the nuclei; scale bar: 500 pum

(C) Transcript levels of various candidate genes associated with gland development and
uterine maturation. (D) Graphical illustration to demonstrate Beclin-1-dependent autophagy
or apoptosis in different genetically engineered mice. (E) Immunolocalization of Foxa2
(Green), KRT8 (Green)+ SM-a-actin (Red), KRT8 (Green)+ Vimentin (Red) in Becnl
control, cKO and cKO/KI mice; scale bar: 500 pm.
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Table 1:
Six-month breeding trial with wild-type males
Genotype | Females | Pups | Pups/female | Litters | Pups/litter
Control n=5 181 36+0.68 21 8.6+2.52
Becn1cKO n=6 0 0 0 0
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Key resources table
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Beclin Cell Signaling Technology #3495T
Beclin Novus Biologicals NB500-249
ER-a Abcam ab75635

PR Santa cruz Biotechnology sc-538 PR (C-19
Normal Rabbit 19gG Cell Signaling Technology #2729
GAPDH Cell Signaling Technology #2118S
Anti-rabbit 1gG, HRP-linked Cell Signaling Technology #7074

KRT8 Developmental Studies Hybridoma Bank TROMA-I
Smooth muscle a-actin Abcam ab5694
Vimentin Abcam ah92547
ALDH1A Abcam ab52492
Mucl Abcam ab15481
Foxa-2 Abcam ab108422
Ki-67 Abcam ab16667
Cleaved caspase 3 Cell Signaling Technology 9664s
p-YH2AX Cell Signaling Technology 9718s

Biological samples

Human endometrial tissue

Baylor College of Medicine

IRB ID #: H-21138

Chemicals, peptides, and recombinant proteins

Spautin-1

Selleck chemicals

Catalog No: S7888

Critical commercial assays

ALDEFLUOR™ Kit Stem Cell technologies Catalog # 01700
Experimental models: Organisms/strains
Beclinflox/flox mice Dr. Edmund B. Rucker, University of Kentucky, N/A

Lexington, KY 40506, USA (Gawriluk et al., 2014)%7
BecnIF1AAFI21A (Becn] K1) Dr. Christina Stallings, Washington University N/A

School of Medicine, St. Louis, MO, 63110, USA

(Rocchi et al., 2017)8
Beclinflox/flox; pRere/+ mice (Becni cKO) This manuscript N/A
Beclinflox**; pRere’*/ Bepn F121A mice (Becni cKO/KI) | This manuscript N/A

Oligonucleotides — Refer toSupplementary Table S1

Software and algorithms

GraphPad Prism version 9.5.0 N/A https://www.graphpad.com/
Fiji (ImageJ) N/A https://imagej.nih.gov/ij/
Other

Pierce BCA Protein Assay Kit Thermo Fisher Scientific Cat#23225

16% Formaldehyde solution Thermo Fisher Scientific 28908
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REAGENT or RESOURCE SOURCE IDENTIFIER
4-15% Mini-PROTEAN® TGX™ Precast Protein Gels | BioRad #4561083
Pierce™ ECL Western Blotting Substrate Thermo Fisher Scientific 32209
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